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Abstract
In recent years, Global Positioning System (GPS) device is widely used for collecting speed, position, travel time and 
delay data of various vehicle types. GPS device is capable of recording speed data at sub-second accuracy and position data to
sub-meter accuracy. In order to have appropriate results, it is necessary to have sample size more than the minimum
requirements for various vehicles types. With advent of GPS technology and its widespread use for traffic data collection, it is
required to examine sample sizes recommended by Institute of Transportation Engineer's Manual of Transportation
Engineering Studies and reported in literature by various other researchers.
Reported sample size depends, either on standard deviation of maximum speed attained by vehicle or on speed range of 
vehicle. These two parameters change with speeding and accelerating capability of vehicle and hence change with vehicle
type. This study aims at estimating sample size requirements for GPS speed data of various vehicles types (such as truck, car,
motorized three and two wheeler, etc.) plying on Indian roads using various methods reported in literature.
In acceleration/deceleration related studies at intersection or at control section where vehicles' speed varies from zero to 
maximum (or otherwise), use of standard deviation of running speed (as specified in ITE Manual) or standard deviation of 
range of speed (Quiroga3) may not be appropriate to determine the sample size for GPS experiments. In such cases, use of 
standard deviation of free flow speed of test runs are more useful, (Li, S. et al. 2002). Since the standard deviation of free flow
speed of vehicles varies with vehicle type (among other factors), the sample size requirements differ with the vehicle type.
Experiments are conducted on truck, motorized three wheeler and two wheeler and car for evaluating their sample size
requirements using GPS device. Sample size is evaluated on the basis of 5 test runs conducted initially for these vehicle types.
Number of initial test runs were decided on the basis of comparison of t 2 values with Z values. It is found that after 4 test 
runs, t and Z are equal at 95% level of confidence (Li, S., et al. 2002). Various methods (ITE Manual, 2000, Quiroga,
1998 and Li, S. et al. 2002) are used to decide sample size requirements of different vehicle types. It indicates that ITE
manual2 method underestimates the sample size as compared to Quiroga's hybrid method and Li, S.'s modified method. It is
also found that Li, S.'s method is best suited to estimate sample size requirement of different vehicle types.
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1. Introduction 
Estimation of vehicle speed has always been a basic task for evaluation of many traffic related issues such as 
level of service determination, effectiveness of intelligent transportation system measures, acceleration 
deceleration studies at signalized intersection and so on. Precision of estimation of results depend on data 
collection technique. Data collection methods include inductance loop, videography, speed gun, lidar gun etc. In 
some techniques speed measurement is based on measurement of travel time along a section of fixed distance. 
These techniques are expensive, involve human efforts and are sensitive to weather and environmental 
conditions. Hence, they are prone to error. To overcome these difficulties, researchers have started using Global 
Positioning System (GPS) device for collecting speed and position data. The accuracy of collected data depends 
on sample size representing population. More is the size of sample more is the accuracy, (Li, S. et al. 2002). But 
increase in size of sample increases the cost of sampling. To reduce the cost of data collection, it is required to 
determine minimum sample size without compromising on desired accuracy.  
Unlike US and Europe, traffic in India and many other developing countries is heterogeneous, where vehicles 
of wide ranging physical dimensions, weight and dynamic characteristic move on any available part of road 
(Arasan and Koshy 2005).  These vehicle types have different speeding and acceleration and deceleration (A/D) 
capability. A/D capability decides how vehicle achieves speed. Hence, the standard deviation of speed at any 
time second is different in different vehicle type. Literature (Li, S. et al. 2002) reports that sample size of any 
vehicle type depends on standard deviation of speed (one of the dispersion measure of speed). Different vehicle 
types (such as motorized two and three wheeler, trucks, cars) have different acceleration and deceleration 
capability, which decide the way speed is achieved. Therefore, different vehicle types result in different standard 
deviation of speed and hence different minimum sample size.   
Literature (Oppenlander 1976; Li, S. et al. 2002; SEMCOG 2008) report various approaches of evaluating 
minimum sample size. Prominent approaches include coefficient of variation approach (Oppenlander 1976), 
average range in running speed approach (ITE 1999), hybrid method (Quiroga, C. A. 1998) and modified method 
(Li, S, et al. 2002). 
1.1. Coefficient of Variation Approach 
Use of coefficient of variation of travel times is most favored method of deciding sample size in travel time 
studies. Following equation presents theoretical formula for calculating sample size using coefficient of variation, 
(SEMCOG 2008). 
 (1) 
where, t -1 is t statistic from students distribution for confidence level  and n-1 degrees of freedom for a two 
tailed test, n is number of runs to be made, C.V. is coefficient of variation of travel times and e is allowable error 
in average travel time estimates.  
The coefficient of variation of travel times will remain changing with completion of any additional run, hence 
formula requires continuous reassessment of number of runs until calculated number of runs exceeds or matches 
 distribution 
by normal distribution. This transforms Equation 1 to following equation, 
 (2) 
where, Z  is standard normal variate based on confidence level alpha for a two tailed test, C.V. is coefficient of 
variation of travel times and e is allowable error in average travel time estimates. Theoretically, Equation 2 
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produces correct results when coefficient of variation of travel times is known. NCHRP Report 398 (Lomax, T., 
S. Turner, G.Shunk, H.S.Levinson, R.H.Pratt 1997) states that this equation produces satisfactory results for 
sample size 30 or more. For sample size less than 20 Equation 2 underestimates sample size by 2 as per NCHRP 
Report 398.   
1.2. Average Range in Running Speed Approach 
ITE Manual of Transportation Studies promoted an approach based on average range in running speeds 
(SEMCOG 2008). This approach is also reported by (Oppenlander 1976). This approach links minimum number 
of runs to achieve 95% confidence level to expected or observed average range in running speed and permitted 
error in mean travel time estimate. Minimum 5 runs would be required with a permissible error of ±3 mph (mile 
per hour)  and average range of running speed 10 mph. Average range in running speeds, R, is determined using 
Equation 3. 
 (3) 
where, R is average range in running speed, Si is speed associated with average test run, n is number of 
completed runs. This approach requires 2 to 4 initial test runs to calculate average test runs (Li, S, K. Zhu, B. van 
Gelder and Nagle 2002). Since travel speed fluctuates less as compared to running speed, Li et al. (2002) 
suggested that running speed in Equation 3 should be replaced by travel speed. They also reported that it is easy 
to measure travel speed than running speed in field experiments. 
1.3. Hybrid Method 
Quiroga and Darcy, (1998) reported that ITE manual method contained systematic errors underestimating 
sample size. Therefore, they proposed a hybrid method to determine sample size, as follows, 
  
 (4) 
 is t value from two tailed t-distribution with (n-1) degrees of freedom for 
confidence level of (1-  is user selected allowable error in the estimate of mean speed, d is ratio,  and  
(standard deviation of population) and   is sample range based on available data computed using following 
equation (which is similar to Equation 3), 
 (5) 
where, m is sample size available and  is ith speed observation of initial study. 
1.4. Modified Method 
In order to estimate population mean from sample mean, Li (Li, S, et al. 2002) reported that sample size 
should satisfy following requirement, 
 (6) 
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where, N is required sample size,  is sample mean, C.V. is coefficient of variation,  is significance level,  
is t-value of two tailed t-distribution with confidence level of (1- ). Putting =  and = , we get, 
 (7) 
where,  is standard deviation of population and  is permitted error. Equation 7 serves as basis for determination 
of sample size. It is customary to replace   value by Z  value, since determination of   involves 
knowledge of degrees of freedom, which is unknown before starting experiment. On comparison of  and Z  
values it is found that values vary with sample size whereas Z  values are independent of sample size (Li, S. 
et al. 2002). Another, it is also found that when sample size grows to 5, the discrepancy between and Z  
almost disappears (Nezamuddin, N, J. et al. 2010).  
It is always desirable to have a large sample size to appropriately describe the population. However, with 
increase in sample size, cost of sample data collection increases. Hence, sample size is a trade-off between 
accuracy and cost. Also a proper value of significance level ( ) should be chosen to get adequate sample size. 
Generally, a value of 0.05 is chosen as value (Li, S, et al. 2002).  Use of Z  values in place of  values 
induces some error in sample size. Li, S, et al. 2002, proposed a correction factor  for calculation of sample 
size. Revised equation is given below, 
 (8) 
where,  is sample size adjustment factor and other variables are as defined in Equation 8. Range of speed 
defined by Li (2002) is, 
  (9) 
2. Objectives of Study 
All the above methods of sample size estimation employ coefficient of variation, range of speed or standard 
deviation of running speed or travel speed. These researchers (Oppenlander 1976; ITE 1999; Quiroga, C. A. 
1998; Li, S, et al. 2002) considered only one type of vehicle, passenger car, for sample size evaluation. Another, 
they did not consider weight to horsepower ratio of vehicles, which can significantly impact capability of 
achieving maximum speed (i.e. acceleration/deceleration A/D, capability). In India, traffic stream contains 
various vehicle types such as trucks, motorized three and two-wheelers and cars (traffic being heterogeneous). 
These various vehicle types share same right of way, though they vary in their physical dimensions, weight to 
horsepower ratio (deciding their A/D capability) and dynamic characteristics (Arasan and Koshy 2005, Dey and 
Biswas 2011). Since, these various vehicle types differ in their speeding, A/D capability, dispersion of their speed 
is not similar. Also the distribution of free flow speed and running speed of different vehicle types differ. Owing 
to this, these vehicle types have different minimum sample size requirement.  
Objective of this paper is to evaluate the minimum sample size requirement of various vehicle types using 
various methods mentioned earlier and based on their actual field speed observations, recorded using Global 
Positioning System (GPS) device. It is further envisaged to identify the suitable method (among above mentioned 
methods) of sample size evaluation for these vehicle types.  
Next section describes the methodology used for data collection to achieve stated objectives. 
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3. Methodology 
One can well record vehicle speed by observing vehicle activity at intersection and in actual traffic on roads. 
However, heterogeneous and weak lane disciplined traffic at intersection in India often results in data that is 
inconsistent and difficult to analyze. At signalized intersections in India, generally smaller vehicles (like 
motorized and non-motorized two wheelers and three wheelers) creep through the gaps between other queued 
vehicles (like cars, trucks) and stop in front of the queues at intersection (see Fig. 1 showing a typical scenario at 
intersection). As can be seen from Fig.1, due to congestion at front of the queue at intersection, speed 
records obtained are influenced by vehicle to vehicle interaction and therefore may not represent maximum 
envelope of vehicle operation (Rakha et al. 2004).  
Therefore, an alternative is to observe driver behaviour over a short study stretch and under controlled 
conditions, replicating conditions of queue leaders at signalized intersection. Such alternative procedures 
are also used by some earlier researchers (Samuels and Jarvis 1978; West et al. 1993; Carcary and Murray 
2001; Rakha et al. 2004; El-Shawarby et al. 2007; Mehmood 2009; Belz and Aultman-Hall 2011 and El-
Shawarby and Rakha 2011). 
 
Fig. 1. A photograph showing heterogeneity and congestion condition in front of the queues at urban signalized intersection at Nagpur, 
India) 
Following criteria is applied while choosing a short study stretch; 
 Study stretch should have free flow traffic, to avoid vehicle-to-vehicle interaction, 
 It should be access controlled, to avoid obstruction to speeding, 
 Road geometry should be fairly straight, and 
 Entire road surface should be in good condition, to provide constant effect of rolling resistance. 
Accordingly, two study stretches were selected, one on Nagpur-Aurangabad highway on the outskirts of 
Wardha, India (80 km from Nagpur, India) and other near Indian Institute of Technology Guwahati, India. Speed 
observations for truck, motorized three-wheelers and motorized two-wheeler were recorded at first study stretch 
and at second study stretch speed observations for car are recorded. Both study stretches were 1.5 km long with 
no horizontal curves affecting speed and with good quality asphalt surface.  
All vehicle types are generally observed plying on first study stretch. However, it was noticed that almost all 
data. Hence, study for cars was undertaken on second study stretch. On this study stretch hired cars were used for 
speed data collection. Description of various vehicle types used in this study as regards their weight to 
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Table 1. Weight to horsepower ratio of various vehicle types 
Sr.No. Vehicle type Weight to Horsepower 
ratio (lb/hp) 
1 Truck 300 
2 Motorized three wheeler 100 
3 Motorized two wheeler 31 
4 Car 33 
 
Vehicles representing types mentioned above were picked up randomly for data collection on first study 
stretch. Drivers were requested to stop and were explained about the nature of experimentation. They were 
assured that the data of this experimentation would be used only for research purpose and not foe enforcement 
purpose. This reduced the possible driver bias.  
The volunteer holding GPS device having 1 Hz. data logging capacity, boarded the vehicle. Drivers were 
asked to speed up their vehicle from stop condition to achieve their desired speed (maximum speed at which they 
feel safe for given road geometry and environmental condition) in earliest possible time. Then they were allowed 
to cruise for some time and were asked to decelerate to stop quickly. This replicated the acceleration-deceleration 
behaviour of queue leaders at signalized intersection.  Five trips of each vehicle type were recorded for assessing 
sample size (Li, S. et al. 2002).  Speed profile of a typical trip of truck is presented in Fig.2. 
  
 
Fig. 2. Typical speed profile of truck 
To ascertain that free flow speeds of drivers are not biased, the free flow speeds of five other similar vehicles 
were observed using radar gun. The observers, holding radar gun, were so located that they are not visible by 
truck drivers, to reduce bias. On statistical comparison of free flow speeds so observed and observed during 
experimentation, it was found that free flow speeds are not biased.  
Next section presents the analysis and results of collected data. 
4. Results 
Speed records of vehicle types were segregated as speed during acceleration and speed during deceleration. 
End of acceleration process was assumed to occur when increment in speed between successive data points is less 
than 0.1 m/s for next five seconds. Similarly, deceleration process was defined from the time onwards where 
decrement in speed is greater than or equal to 0.1 m/s for next five seconds (refer Fig.2 for boundaries of 
acceleration and deceleration process). Dispersions of speeds of various vehicle types were computed as range 
(Eqn. 9), average range,  (Eqn. 3), and sample standard deviation, for acceleration manoeuver and deceleration 
manoeuver, separately, and presented in Table 2 and Table 3, for acceleration and deceleration manoeuver, 
respectively.  The variation in dispersion with vehicle type is also presented in Fig.3 and Fig.4 for acceleration 
and deceleration manoeuver, respectively. Value presented in Table 2 and Table 3 and graphical comparison 
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presented in Fig.2 and Fig.3 indicates that the dispersion of speed varies with vehicle type and with the type of 
manoeuver such as acceleration and deceleration.  
During acceleration manoeuver speed range, R is highest for car and followed by truck, motorized two-
wheeler motorized three-wheeler. This shows that driver induced variability in free flow speed of car is more as 
compared to other vehicles. This is because, car has more speeding capability, hence drivers have a choice to 
choose between lowest free flow speed and highest free flow speed, due to which range, R is high. In case of 
other vehicles, since the capacity to achieve higher free flow speed is lesser as compared to car, drivers have 
limited choice to vary their free flow speed. The difference between upper and lower bound of free flow speed is 
less as compared to car. Hence range, is higher in car as compared to other vehicle types.  
Average range,  was highest for motorized two-wheeler and lowest for car. Average range represents 
absolute difference between speeds at successive time seconds. The increment in speed is lower in car than other 
vehicles hence absolute difference between successive speed readings is lower for car and higher for other 
vehicles.  
Standard deviation is highest for car since car free flow speed envelope is higher than other vehicles. Hence, 
distance of speed readings from mean is higher than other vehicle.  










Fig. 3. Variation in dispersion of speed with vehicle type during acceleration manoeuver 
During deceleration maneuver, range was lowest for car and highest for truck, average range was lowest for 
car and highest for motorized three-wheeler and standard deviation was highest for car and lowest for truck.  
It was observed that the dispersion parameters not only varied with vehicle type but also with maneuver such 
as acceleration or deceleration. Hence it is concluded that the sample size (which is a function of dispersion of 
speed of vehicle) requirement varies with vehicle type and with maneuver type, as well.  
 













Range, R 0.46 0.22 0.57 0.87 
Average Range ,  0.43 0.23 0.69 0.12 
Standard Deviation 2.78 2.68 3.43 5.51 





Range, R 0.87 0.46 0.53 0.23 
Average Range,  0.49 0.49 0.57 0.24 
Standard Deviation 2.41 2.91 2.64 6.46 




Fig. 4. Variation in dispersion of speed with vehicle type during deceleration manoeuver 
Hence, a minimum sample size for various vehicle types during acceleration and deceleration maneuver is 
evaluated using ITE  method  (ITE 1999), Hybrid  method  ( Quiroga, C. A. 1998) and Modified method (Li et al. 
2002) and presented in Table 4 and Table 5. 
It is seen from Table 4 (acceleration manoeuver) that in all vehicle types, except car, Hybrid Method results 
lowest sample size, whereas modified method results highest sample size. In case of car, ITE method results 
lowest sample size whereas Hybrid method results highest sample size.  
Table 5 (deceleration manoeuver) indicates that for all vehicle types ITE Method results lowest sample size, 
whereas hybrid method results highest sample size value. 














5. Discussions and Conclusions 
It is observed from minimum sample sizes presented in Table 4 and Table 5 that the sample requirements 
during acceleration and deceleration manoeuver are different. This is so since the nature of speed change during 
acceleration and deceleration are different. During acceleration manoeuver speed change is the result of change 
in engine power in different gears. Fuel injection into engine and change in gear ratio govern change of speed. 
The deceleration of vehicles is achieved by drivers using two methods, by using clutch and breaking and by 
driver starts deceleration at a higher speed, he applies hard breaks and higher rate of deceleration is applied. In 
this case speed distribution, speed range and average speed range are different as compared to starting 
deceleration at lower speed. In later case, deceleration is achieved by change in gear and hence the way in which 
speed is reduced is different and range and average range are different. 





ITE  method  (ITE 1999)  13 15 15 17 
Hybrid  method  (Quiroga, C. A. 1998)  6 4 10 52 
Modified method (Li, S, et al. 2002) 33 41 35 28 





ITE  method  (ITE 1999)  5 9 6 10 
Hybrid  method  (Quiroga 1998)  10 18 11 19 
Modified method (Li et al. 2002) 13 21 14 22 
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The value of range considered by Hybrid Method (Quiroga, C. A. 1998) uses two extreme values to evaluate 
minimum sample size instead of all speed values. This slightly increases sample size but due to use of sample 
size adjustment factor by Modified Method (Li et al. 2002), sample size estimated by  hybrid method is lower.  
Use of average range by ITE method (ITE 1999) results in higher importance to intermediate speed value.  
Hence, resulting minimum sample size is lowest when ITE method is used as compared to modified method.  
Among the methods of minimum sample size determination, during acceleration and deceleration manoeuver, 
modified method proposed by Li et al. (2002) predicts maximum sample size. Other two methods predict lower 
sample sizes. The reason is modified method (Li et al. 2002) uses sample size adjustment factor which adds to 
sample size. The sample size adjustment factors reported by Li et al. (2002) also depend on Z values of normal 
distribution. 
The results of this work suggest that the Modified Method suggested by Li et al. (2002) (which uses sample 
size adjustment factor and standard deviation instead of range of speed) adequately represents dispersion in speed 
records and estimates highest minimum sample size among existing sample size estimation methods, is best 
suited to estimate sample size for speed studies at signalized intersection for various vehicle types.  
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